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Abstract
The incoherent rapidity distributions of vector mesons are computed in dipole model in PbPb
ultraperipheral collisions at the CERN Large Hadron Collider (LHC). The IIM model fitted from
newer data is employed in the dipole amplitude. The Boosted Gaussian and Gaus-LC wave func-
tions for vector mesons are implemented in the calculation as well. Predictions for the J/ψ, ψ(2s),
ρ and φ incoherent rapidity distributions are evaluated and compared with experimental data and
other theoretical predictions in this paper. We obtain closer predictions of the incoherent rapidity
distributions for J/ψ than previous calculations in the IIM model.
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I. INTRODUCTION
Ultrapheripheral collisions (UPCs) at Relativistic Hadron Ion Collider (RHIC) and the
LHC provide variable tools to probe structure of the hadrons [1, 2]. In recent years, develop-
ment of experimental technologies helps us measure the rapidity distributions of the vector
mesons in PbPb and AuAu UPCs. Some precise experimental data has been listed in re-
cent literatures [3–8]. These experimental measurements require theoretical calculations at
high energy level. Some theoretical groups have evaluated the predictions for vector mesons
production in PbPb and AuAu UPCs in different approaches [9–18].
In UPCs, the impact parameter of two nuclei is larger than the sum of two nuclear ra-
dius. In nucleus-nucleus collisions, the nuclei can remain intact or break up. If the two
nuclei remain intact, it is called coherent process. If one nucleus or two nuclei break up, it is
called incoherent process. The incoherent rapidity distribution of J/ψ has been computed
in PbPb and p-Pb UPCs In Ref. [17]. The incoherent cross section of light vector meson
ρ is evaluated in eA collisions in Ref. [19]. In this paper, we will compute the incoherent
rapidity distributions for vector mesons in PbPb UPCs at the LHC and give some theoretical
predictions for future experiments.
In UPCs, the two nuclei interact with each other by photon emission from nucleus.
Photon-nucleus interaction has been studied in Deep Inelastic Scattering (DIS) at HERA.
In small-x physics, photon-nucleus interaction is described in the dipole model successfully,
Dipole amplitude and light-front wave functions are put together in the calculation for the
exclusive vector meson cross section in the dipole model. The dipole amplitude contains
all QCD dynamics of dipole-proton interaction at high energy, and it is solution of the BK
evolution equation [20]. Impact parameter independent dipole amplitude has been inves-
tigated by solving the BK evolution equation in the literatures [21]. But it is difficult to
obtain impact parameter dependent dipole amplitude by solving the BK evolution equation.
There are various phenomenological models to describe the dipole amplitude. The GBW
model was firstly proposed in 1999 [22]. But it doesn’t match the DGLAP evolution equa-
tion. Then, the BGBK model was proposed in 2002 [23], which is an extension of the GBW
model. Beside, the IIM model was also proposed based on the BK evolution equation in
2004 [24–26]. The impact parameter dependent BGBK (IP-Sat) and IIM (bCGC) models
were proposed in Refs [27–31]. All these phenomenological models are fitted from proton
structure function F2 or reduced cross section from the ZEUS and H1 collaboration. The
latest combined ZEUS and H1 data on inclusive DIS is published in Ref. [32]. Then, the
IIM model is fitted with new parameters in Ref [26]. In this paper, we will use newer fit of
the IIM model to predict the incoherent rapidity distributions for vector mesons in PbPb
UPCs at the LHC.
Light-front wave functions of photon and vector meson are also included in the dipole
amplitude. The light-front wave functions of photon can be computed in QED analyti-
cally. The light-front wave function of vector meson can not be computed analytically.
Various models are used to describe the wave function of vector meson. Some models are
constructed as photon structure, for example, the Boosted Gaussian, Gaus-LC and DGKP
model [28, 29, 33–38].
In this paper, we employ the IIM model and use different models of wave functions to
predict rapidity distributions of vector mesons in PbPb UPCs at
√
sNN = 2.76 TeV and√
sNN = 5.02 TeV. The parameters of the IIM model are fitted from the combined ZEUS
and H1 data published in 2015. The goal of this paper is to predict the incoherent rapidity
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distributions of vector mesons in PbPb UPCs at
√
sNN = 2.76 TeV and
√
sNN = 5.02 TeV
for future experimental plan. This paper is organized as follows. Section II introduces dipole
model and distinct approached for the vector meson wave functions. Numerical results are
presented in section III. And conclusion is given in section IV.
II. THE DIPOLE MODEL
In UPCs, the impact parameter is larger than twice radius of the nucleus. Strong interac-
tion is suppressed since two nuclei can not touch each other. Photon can emit from nucleus
at high energy. Then, the photon can scatter off the nucleus, and vector meson are produced
after photon-nucleus scattering. The vector meson’s rapidity distributions in UPCs can be
computed as [1]
dσA1A2
dy
=
[
nA1(ω)σγA2(ω)
]
ωleft
+
[
nA2(ω)σγA1(ω)
]
ωright
. (1)
Here y is the rapidity of the vector meson. σγA(ω) is the cross section of the photon-nucleus
scattering. n(ω) is the equivalent photon flux in the nucleus, with ωleft =
MV
2
exp(−y), and
ωright =
MV
2
exp(y). MV is the mass of the vector meson. In nucleus-nucleus scattering, the
equivalent photon flux is computed as follow [9]
n(ω) =
2Z2αem
π
[
ξK1(ξ)K0(ξ)− ξ
2
2
[K21(ξ)−K20 (ξ)]
]
, (2)
where Z is charge of the nucleus and ξ = 2ωRA/γL, RA is the radius of the nuclues, γL is
the lorentz factor, with γL =
√
sNN/2mp. K0(x) and K1(x) are modified Bessel functions.
σ(ω) is obtained by integrating |t| from differential cross section. In photon-proton scat-
tering, the differential photon-proton cross section is calculated as
dσγp→V p
dt
=
R2g(1 + β
2)
16π
|AT (x,∆)|2 , (3)
where T denotes the transverse amplitudes, since the photon is a real photon. β is the ratio
of the real amplitude, and Rg accounts the skewness effect [39]. The amplitude of γp→ V p
is [28]
AT (x,∆) = i
∫
d2r
∫ 1
0
dz
4π
∫
d2b(Ψ∗VΨγ)T (z, r)e
−ib·∆dσqq¯
d2b
(x, r, b). (4)
The impact parameter dependent dipole cross section can be rewritten as
dσqq¯
d2b
(x, r, b) = 2Tp(b)N (x, r), (5)
where Tp(b) = exp(−b2/2Bp) is a Gaussian profile function of proton, and N (x, r) is the
amplitude of an elastic dipole-proton scattering amplitude.
In photon-nucleus scattering, coherent differential cross section is obtained by squaring
the average of amplitude |〈A(x,∆)〉N |2. The sum of coherent and incoherent differential cross
section is obtained by averaging the square of amplitude 〈A2(x,∆)〉N . Then, the incoherent
differential cross section can be obtained from the variance of amplitude 〈A2(x,∆)〉N −
3
|〈A(x,∆)〉N |2. Since the square of average amplitude is very small at large ∆. Thus, the
incoherent differential cross section can be obtained by averaging the square of amplitude
〈A2(x,∆)〉N at large ∆. The coherent differential cross section is
dσcoh
dt
=
R2g(1 + β
2)
16π
|〈A(x,∆)〉N |2 , (6)
where the average amplitude is calculated as [17, 18, 27]
〈A(x,∆)〉N = i
∫
d2r
∫ 1
0
dz
4π
∫
d2b(Ψ∗VΨγ)T (z, r)e
−ib·∆
×2(1− exp(−2πBpATA(b)N (x, r)). (7)
where TA(b) is the profile function of the nucleus.
As discussed before, the incoherent differential cross section of γA → V X in photon-
nucleus scattering at large transfer momentum is computed by averaging the square of
amplitude at large transfer momentum. It is written as
dσincoh
dt
=
R2g(1 + β
2)
16π
〈|A(x,∆)|2〉N , (8)
where the average of square amplitude is calculated as [17–19]
〈|A(xp,∆)|2〉N = 16πBpA
∫
d2b
∫
d2r
∫
d2r′
∫ 1
0
dz
4π
∫ 1
0
dz′
4π
[Ψ∗VΨγ]T (z, r)[Ψ
∗
VΨγ ]T (z
′, r′)
×e−Bp∆2e−2piBpATA(b)[N (x,r)+N (x,r′)]
(
πBpN (x, r)N (x, r′)TA(b)
1− 2πBpTA(b)[N (x, r) +N (x, r′)]
)
≈ 16π2B2p
∫
d2b
∫
d2r
∫
d2r′
∫ 1
0
dz
4π
∫ 1
0
dz′
4π
[Ψ∗VΨγ]T (z, r)[Ψ
∗
VΨγ ]T (z
′, r′)
× e−Bp∆2N (x, r)N (x, r′)ATA(b)e−2pi(A−1)BpTA(b)[N (x,r)+N (x,r′)]. (9)
A similar expression of the incoherent differential cross section can be found in Refs. [41–43].
In Ref. [24–26] the dipole cross section is impact parameter independent σ(x, r) =
σ0N (x, r). In diffractive process, vector mesons production decreases exponentially with
|t| as e−Bp|t|. Thus, we can introduce a Gaussian profile function of impact parameter like
Tp(b) = exp(−b2/2Bp). After integrating impact parameter, we obtain σ0 = 4πBp. Thus,
we modified σ(x, r) as impact parameter dependent as the same as Ref. [44] σ(x, r, b) =
exp(−b2/2Bp)N (x, r). The amplitude N (x, r) in the IIM model is written as [24, 25]
N (x, r) =
{
N0( rQs2 )2(γs+(1/κλY ) ln(2/rQs)), rQs ≤ 2,
1− exp (− a ln2(brQs)), rQs > 2. (10)
With Y = ln(1/x), N0 = 0.7 and κ = 9.9 ( leading order BFKL prediction), and Qs(x) =
(x0/x)
λ/2 GeV.
In UPCs, the photon is a real one. Thus, we just consider the transverse overlap of the
photon and vector meson. We use the same transverse overlap between the photon and
vector meson as follow [28]
(Ψ∗VΨγ)T (r, z) = efe
Nc
πz(1 − z){m
2
fK0(ǫr)φT (r, z)− (z2 + (1− z)2)ǫK1(ǫr)∂rφT (r, z)},
(11)
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where e =
√
4παem, mf is the mass of quarks. ef is the electric charge of quarks, and with
ǫ =
√
z(−z)Q2 +m2f , in the following calculation, we set Q2 = 0GeV2. Nc is the number
of colors. The transverse scalar function φT (r, z) of the Gaus-LC model for ground state of
vector meson is given by [28]
φT (r, z) = NT (z(1− z))2 exp(− r
2
2R2T
). (12)
The Boosted Gaussian model is a phenomenological model, which is originated from NNPZ
model [33, 36]. The scalar function of the Boosted Gaussian model for ground state of vector
meson is given by
φ1sT (r, z) = NT z(1− z) exp
(− m2fR21s
8z(1 − z) −
2z(1− z)r2
R21s
+
m2fR21s
2
)
. (13)
The Boosted Gaussian scalar function for ψ(2s) is given by [46]
φ2sT (r, z) = NT z(1 − z) exp
(− m2fR22s
8z(1− z) −
2z(1 − z)r2
R22s
+
m2fR22s
2
)
×
[
1 + α2s
(
2 +
m2fR22s
8z(1− z) −
4z(1 − z)r2
R22s
−m2fR22s
)]
. (14)
With help of above formulas, we can compute the differential cross section of photon-
nucleus scattering. Then, after integrating |t|, we obtain the total cross section of photon-
nucleus scattering. Eq. (8) is not valid at small |t| with |t|min in Eq. (8) being the value of
|t| where incoherent and coherent cross sections are equal. Finally, we can obtain incoherent
rapidity distributions of vector mesons in ultraperipheral collisions.
III. NUMERICAL RESULTS
In this section, we present the numerical results of the incoherent rapidity distribu-
tions of J/ψ, ψ(2s), ρ and φ mesons in PbPb UPCs at the LHC. The center energy
is
√
sNN = 2.76 TeV and
√
sNN = 5.02 TeV. The |tmin| of integration of Eq. (8) is
|t|min = 0.035 GeV2 in the integration of |t|. The parameters of the IIM model we used are
listed in Table. I. The parameter Bp in Table. I is computed from σ0 = 29.9 mb. For the
mu,d,s mc σ0 Bp γs λ x0 χ
2/d.o.f
0.14 GeV 1.27 GeV 29.9 mb 6.12 GeV−2 0.724 0.206 6.33 × 10−6 554/520=1.07
TABLE I. Parameters of the IIM model [26].
vector meson wave functions, we use the Boosted Gaussian and Gaus-LC wave functions in
our calculations. The parameters of the Boosted Gaussian and Gaus-LC wave functions are
listed in Table. II and Table. III. The quark mass is important in the dipole model, which
is fitted from inclusive cross section of photon-proton scattering. In Refs. [29, 31], the light
quark mass is mu,d,s = 0.001 GeV. In the new fit, the light quark mass is mu,d,s =0.14 GeV.
At first, we calculate the coherent and incoherent differential cross section as a function
5
meson ef mass fV mf NT R2 α2s
GeV GeV GeV GeV2
J/ψ 2/3 3.097 0.274 1.27 0.596 2.45
ψ(2s) 2/3 3.686 0.198 1.27 0.70 3.72 -0.61
φ 1/3 1.019 0.076 0.14 0.919 11.2
ρ 1/
√
2 0.776 0.156 0.14 0.911 12.9
TABLE II. Parameters of the Boosted Gaussian wave function for vector mesons [28, 46].
meson ef mass fV mf NT R
2
T
GeV GeV GeV GeV2
J/ψ 2/3 3.097 0.274 1.27 1.45 5.57
φ 1/3 1.019 0.076 0.14 4.75 16.9
ρ 1/
√
2 0.776 0.156 0.14 4.47 21.9
TABLE III. Parameters of the Gaus-LC wave function for vector mesons [28].
of |t| at mid-rapidity y=0. The differential cross section is shown in Fig. 1 and Fig. 2.
The left panels are the differential cross section of J/ψ and ρ mesons. The right panels
are differential cross section of ψ(2s) and φ mesons. The black lines are predictions at√
sNN = 2.76 TeV and the blue lines are predictions at
√
sNN = 5.02 TeV. It can be seen
that the coherent differential cross section is very large at small |t|, but it decreases very
fast. When |t| is not small, the dominant contribution of cross section is the incoherent
cross section. A similar result of the differential cross section can be found in Ref. [19] for
ρ meson.
Secondly, we compute the diffractive rapidity distributions of J/ψ and ψ(2s) in the
IIM model. The rapidity distributions of J/ψ and ψ(2s) are computed with charm quark
mass mc = 1.27 GeV. They are shown in Fig. 3. The upper panels are predictions at
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FIG. 1. (Color online) Differential cross section for the coherent and incoherent production of J/ψ
(left panel) and ψ(2s) (right panel) mesons as a function of |t| at rapidity y=0 using the IIM model
in PbPb collisions at
√
sNN = 2.76 TeV (black lines) and
√
sNN = 5.02 TeV (blue lines). The
vector meson function is the Boosted Gaussian wave function.
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FIG. 2. (Color online) Differential cross section for the coherent and incoherent production of ρ
(left panel) and φ (right panel) as a function of |t| at rapidity y=0 using the IIM model in PbPb
collisions at
√
sNN = 2.76 TeV (black lines) and
√
sNN = 5.02 TeV (blue lines). The vector meson
function is the Boosted Gaussian wave function.
√
sNN = 2.76 TeV and the lower panels are predictions at
√
sNN = 5.02 TeV. The left
panels of Fig. 3 are the incoherent rapidity distributions of J/ψ, the black solid lines are the
incoherent rapidity distributions using the Boosted Gaussian wave function, and the blue
dashed lines are rapidity distribution using the Gaus-LC wave function. It can be seen that
the experimental data favors the results using the Boosted Gaussian wave function from the
upper left panel. In Ref. [17], the predictions of the incoherent rapidity distributions of J/ψ
are also computed in previous IIM parameters with mc = 1.4 GeV. The rapidity distribution
of J/ψ at mid-rapidity obtained in this work is larger than previous one using previous IIM
parameters. It is because the difference of charm quark mass. The incoherent rapidity
distribution of J/ψ in PbPb UPCs at mid-rapidity measured by the ALICE collaboration
is dσincoh/dy(y = 0) = 0.98+0.19−0.17 mb [4]. In our calculation, the prediction of the incoherent
rapidity distribution for J/ψ at mid-rapidity in the IIM model using the Boosted Gaussian
is dσincoh/dy(y = 0) = 0.80 mb, it is still lower than the ALICE experimental data. But our
prediction is closer than the prediction using old IIM model in Ref. [17]. The coherent and
incoherent rapidity distribution of ψ(2s) is in Fig.3. The upper right panel in Fig. 3 are
the coherent and incoherent rapidity distributions of ψ(2s) at
√
sNN = 2.76 TeV. The black
solid line is the coherent rapidity distributions using the Boosted Gaussian wave function,
and the blue dashed line is the incoherent rapidity distributions using the Boosted Gaussian
wave function. The prediction of ψ(2s) coherent rapidity distribution at mid-rapidity at√
sNN = 2.76 TeV is dσ
coh/dy(y = 0) = 1.26 mb from our calculation. The authors of
Ref. [47] give prediction of ψ(2s) coherent rapidity distributions dσcoh/dy(y=0)=0.65 mb in
the IIM model using the Boosted Gaussian wave function. The experimental data measured
by the ALICE collaboration is dσcoh/dy(y = 0) = 0.83± 0.19 mb [6]. We also show the pre-
dictions for ψ(2s) incoherent rapidity distributions in Fig. 3. In our calculations, the ψ(2s)
incoherent rapidity distribution is expected to be dσincoh/dy(y = 0) = 0.19 mb. In Ref. [43],
the authors predict the ψ(2s) incoherent rapidity distribution dσincoh/dy(y = 0) = 0.16 mb
in different formulas using the Boosted Gaussian wave function, whose parameters are not
given in that paper. It can be seen that the above two predictions of incoherent rapidity
distribution at mid-rapidity are close to each other. In our calculation, the wave function of
7
−3 −2 −1 0 1 2 3
y
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
d
σ
/
d
y
(m
b
)
J/ψ at √ sNN =2.76TeVBoosted GaussianGaus-LC
ALICE
−3 −2 −1 0 1 2 3
y
10-1
100
101
d
σ
/d
y
(m
b
)
ψ(2s) at √ sNN =2.76TeVψ(2s) coherent 
ψ(2s) incoherent
ALICE
−3 −2 −1 0 1 2 3
y
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
d
σ
/d
y
(m
b
)
J/ψ at √ sNN =5.02TeVBoosted GaussianGaus-LC
−3 −2 −1 0 1 2 3
y
10-1
100
101
d
σ
/d
y
(m
b
)
ψ(2s) at √ sNN =5.02TeVψ(2s) coherent 
ψ(2s) incoherent
FIG. 3. (Color online) Predictions for the incoherent rapidity distributions of J/ψ (left panels)
calculated in the IIM model in PbPb UPCs at
√
sNN = 2.76 TeV (upper panels) and
√
sNN =
5.02 TeV (lower panels) using the Boosted Gaussian (black solid line) and Gaus-LC (blue dashed
line) wave function. The coherent and incoherent rapidity distributions of ψ(2s) (right panels)
calculated in the IIM model using the Boosted Gaussian wave function. The experimental data is
taken from the ALICE collaboration [4, 6].
ψ(2s) we used is the Boosted Gaussian model. There are various sets of parameter for ψ(2s)
meson. Different parameter sets will give different predictions. It needs further studies for
the wave function of the excited states.
Finally, the incoherent rapidity distributions of ρ and φ mesons in PbPb UPCs at the
LHC are also calculated in the IIM model using two kinds of wave functions. They are
shown in Fig. 4. The black solid lines and the blue dashed lines are predictions of rapidity
distributions using the Boosted Gauusain wave function and Gaus-LC wave function, re-
spectively. The upper panels are predictions at
√
sNN = 2.76 TeV and the lower panels are
predictions at
√
sNN = 5.02 TeV. Since there is no experimental data for ρ and φ mesons
incoherent rapidity distributions for now, we can only compare our results with other the-
oretical predictions. Considering the uncertainty of the incoherent rapidity distributions of
J/ψ, it is expected that dσincoh/dy(y = 0) = 50± 10 mb and dσincoh/dy(y = 0) = 10± 2 mb
for ρ and φ in PbPb UPCs at
√
sNN = 2.76 TeV from our calculations. The predictions of
the incoherent rapidity distributions for ρ meson at PbPb UPCs has been computed using
other approach in Ref. [45], where the rapidity distribution at mid-rapidity is expected
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FIG. 4. (Color online) Predictions for the incoherent rapidity distributions of ρ (left panels) and
φ (right panels) calculated in the IIM model in PbPb UPCs at
√
sNN = 2.76 TeV (upper panels)
and
√
sNN = 5.02 TeV (lower panels) using the Boosted Gaussian (black solid line) and Gaus-LC
(blue dashed line) wave functions.
dσincoh/dy(y = 0) = 30 ± 10 mb at √sNN = 2.76 TeV. It can be seen that our predictions
are close to the previous predictions.
IV. CONCLUSION
In this paper, we have evaluated the vector mesons incoherent rapidity distributions in
PbPb UPCs at
√
sNN = 2.76 TeV and
√
sNN = 5.02 TeV. The rapidity distributions of J/ψ,
ψ(2s), ρ and φ mesons are computed in the IIM model, whose parameters are fitted from
the combined ZEUS and H1 data released in 2015. The incoherent rapidity distributions
for J/ψ meson has been measured by the ALICE collaboration. The predictions of the
IIM model using the Boosted Gaussian wave function are closer to the experimental data
of the ALICE collaboration than the previous predictions. We have also predicted the
coherent and incoherent rapidity distributions of ψ(2s) in the IIM model using the Boosted
Gaussian wave function. We compare our results with previous predictions of ψ(2s). The
rapidity distributions for rho and phi mesons are also evaluated in the IIM model using two
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kinds different vector meson functions at the LHC. The experimental data of the incoherent
rapidity distributions of ψ(2s), ρ and φ in PbPb UPCs at the LHC are absent now. We
hope the experimental data of ψ(2s), ρ, φ will be measured in the future and thereby we
can compare them with the theoretical predictions.
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